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Abstrat
In 1997 the rst optial afterglow of a osmi Gamma-Ray Burst was
disovered, and substantial progress has been ahieved sine then. Here
we present a short review of some reent developments in this eld, with
emphasis on observational aspets of the GRB phenomenon.
1 Introdution
Gamma-Ray Bursts (GRBs) are bright, transient events in the gamma-ray
sky, unpreditable in time and loation, with a typial duration of ∼ seonds
(for a review, see Fishman 1995; 1999; Fishman & Meegan 1995; Kouveliotou
1995a; Meegan 1998). The brightest bursts have gamma-ray uenes of order
10
−4
erg m
−2
, strong enough to lead to detetable disturbanes of the Earth's
upper atmosphere (Fishman & Inan 1988). Most of the energy of the bursts is
released in the 0.1-1 MeV range. Spetra generally display featureless smooth
ontinua (for a review, see Teegarden 1998).
The rst GRB was reorded with the Vela satellites on July 2, 1967 (Klebe-
sadel, Strong, & Olson 1973; Strong, Klebesadel, & Olson 1974; for a historial
review see Bonnell & Klebesadel 1996). The preise loalization of a GRB
on the sky has been an unsolved hallenge for ground-based astronomy for
30 years, although more than 2000 bursts were deteted by numerous spae-
based experiments during this timespan. This unsatisfatory observational
situation led to an enormous ood of publiations (see Hurley 1998a), and
ulminated in more than 100 theories about the nature of the bursters, rang-
ing from solar-wind models to topologial defets at osmologial distanes
(in the early years of GRB researh there were in fat more theories than
bursts; see Nemiro 1994; Ruderman 1975). The main reason for the miss-
ing identiation of the burster population was that prior to 1997 no small,
armin-sized GRB error boxes were available for rapid follow-up observations.
In the mid 1980's it was reognized that there is a sublass among the
GRBs whih are distinguished from the majority of the bursts (Laros et al.
1986, 1987). These bursts have a soft, thermal Bremsstrahlung spetrum (kT
1
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about 30 keV), short durations, and ome from ertain, well-loalized regions
in the sky. These Soft Gamma-Ray Repeaters (SGR) represent a population
of objets in the Galaxy and the Large Magellani Cloud whih oasionally
emit soft GRBs. This lass of objets, urrently onsisting of four onrmed
soures (SGR 052566, 162741, 180620, 1900+14), is not onsidered here,
although great progress was also ahieved in SGR researh in reent years (for
reviews, see Hartmann 1995; Kouveliotou 1995b; Hurley 1999a).
2 Steps toward the GRB distane sale
2.1 The period 1991 - 1996
The 1990's have seen two observational breakthroughs in GRB researh. The
rst ame with the Burst and Transient Soure Experiment (BATSE) on the
Compton Gamma-Ray Observatory (CGRO; Fishman 1981; Fishman et al.
1993, 1994). It haraterizes the period from 1991 to 1996. During this
period several GRB experiments aboard various satellites were arried out,
but BATSE was most suessful.
In operation sine 1991, BATSE detets about 1 burst/day, orresponding
to a full sky rate of about 800 a year (Meegan et al. 1992). Based on BATSE
observations it beame obvious in the early 1990's that the bursters must be
loated either deep in a Galati halo or at osmologial distanes (Meegan
et al. 1992; for reviews, see Blaes 1994; Dermer & Weiler 1995; Fishman &
Meegan 1995; Harding 1994; Hartmann 1994, 1996; Hurley 1994; Lamb 1997;
Mészáros 1997). Compared to the observational situation in the 1970's and
1980's (for a review, see Higdon & Lingenfelter 1990; Houston & Wolfendale
1983; Puget 1981) this evidene represented substantial progress. However, it
also meant that the distane sale of the bursters was still unknown by orders
of magnitude, lying either at the kp level or in the Gp range (for a detailed
study see, e.g., Mao & Pazy«ski 1992a,b). Correspondingly unertain was
the GRB luminosity distribution. The arguments for and against GRBs inside
or outside the Galaxy led to a lively debate, whih was eventually presented
to the general publi (see the dediated publiations of 'The Great Debate':
Fishman 1995; Lamb 1995; Nemiro 1995; Pazy«ski 1995; Rees 1995; Trimble
1995).
The most promising way to distinguish between the Galati halo model
and the osmologial model of GRBs seemed to be either to hek with high
preision the angular isotropy of the bursts on the sky (f. Briggs et al. 1996;
Hakkila et al. 1994; Lamb 1997; Tegmark et al. 1996b), or to searh for GRBs
and their aompanying optial and X-ray ashes from a potential Galati
halo population of bursters in M31 (f. Klose 1995a; Lamb 1995; Li & Liang
1992). Evidene for the latter was not found, but the former method worked
very well and based on BATSE gamma-ray data alone over the years it beame
more and more diult to postulate a Galati halo origin of all bursts. This
inluded onstraints on burst repetition (f. Meegan et al. 1995; Tegmark et
2
al. 1996a).
There have been several other proposals to determine the distane sale of
the bursters (f. Pazy«ski 1991a,b). At gamma-ray energies these investiga-
tions involved attempts to detet a osmologial signature in GRB durations
and spetral hardness (f. Brainerd 1994; Fenimore & Bloom 1995; Horak,
Mallozzi, & Koshut 1996; Lee & Petrosian 1997; Norris et al. 1994, 1995),
studies of luminosity funtion eets on the observed brightness distribution
of the bursts (f. Fenimore et al. 1993; Horváth, Mészáros, & Mészáros 1996;
Mao & Pazy«ski 1992a; Mészáros & Mészáros 1995, 1996; Mészáros et al.
1996), analyses of the spetral energy distribution of the bursts in ombi-
nation with pair prodution opaities in GRB photon elds (f. Baring &
Harding 1998), and theoretial estimates of the energy reservoir of potential
Galati neutron stars as GRB soures (f. Hartmann & Narayan 1996). In
the X-ray band a Galati origin of the burster population would have been
revealed by sattering and absorption of GRB X-rays by the Galati interstel-
lar medium (Klose 1994, 1995b; Owens, Shaefer, & Sembay 1995). However,
this required a dediated X-ray satellite, whih was not available at that time.
At optial/infrared/radio wavelengths one way was to perform rapid follow-
up searhes for transients following or aompanying GRBs, the ourrene of
whih was predited in theoretial models (f. Mészáros, Rees, & Papathanas-
siou 1994). Another way was to look for a potential GRB soure population
in GRB error boxes. Both strategies were onfronted with the problem that
BATSE 1σ error boxes are several degrees in radius (f. Briggs et al. 1999).
Although this is a very small loalization size for a gamma-ray telesope, it is a
giant error box for follow-up observations in the radio, optial, or near-infrared
bands. Searhes for optial transients in GRB error boxes on wide-eld pho-
tographi plates fortuitously taken at the right time and area of the sky have
been one method to address the problem (f. Greiner et al. 1992; Shaefer
1990; for a review, see Hude 1993). In general, this method was not very
eient sine the hane of nding suitable photographi plates is very small
(f. Greiner et al. 1996), and variable stars ould mimi optial transients
(f. Greiner & Moth 1995; Hude & Wenzel 1996; Klose 1995; Pedersen
1994). Indeed, these searhes did not lead to the unambiguous detetion of
a GRB soure. A more promising way was to set-up automati wide-eld
ameras, whih ould be triggered on-line by GRB detetions on board the
CGRO. Based on dediated international distribution networks for GRB data
(f. Barthelmy et al. 1998; Kippen et al. 1998a; MNamara, Harrison, &
Williams 1995), response times on the order of seonds were ahieved, how-
ever no optial transients were disovered with this method either (f. Akerlof
et al. 1995; Lee et al. 1997; Park et al. 1997; Vanderspek, Krimm, & Riker
1995).
Another tehnique to observe a burster was based on GRB error boxes
provided by the Interplanetary Network (IPN) of satellites operating in the
solar system (f. Laros et al. 1998). For most of the 1990's the IPN onsisted
only of Ulysses-spaeraft (f. Hurley et al. 1995) and CGRO. The IPN makes
use of the light travel time delays between dierent satellites to loalize a
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burst on the sky (f. Cline et al. 1980). Compared to BATSE-only error
boxes, if triggered, the IPN an provide GRB error boxes with onsiderable
smaller sizes (for a review, see Lund 1995), but not in real-time. International
ampaigns of follow-up observations of the most promising half-dozen well-
loalized IPN bursts only provided upper limits to the ux density of any
transient soure in the X-ray, optial, or radio band (f. Frail et al. 1994;
Galama et al. 1997a; Greiner et al. 1997a; Hurley et al. 1994; Laros et al.
1997; Palmer et al. 1995; Pedersen 1994; Shaefer et al. 1994; for a review,
see MNamara, Harrison, & Williams 1995). Furthermore, deep surveys of
armin-sized IPN error boxes have been performed, mostly months or years
after the orresponding burst, with the aim of nding evidene for a statistial
exess of a ertain lass of astronomial objets in GRB error boxes. No
unambiguous GRB soures were found in the optial (f. Gorosabel et al.
1995; Shaefer et al. 1997; Vrba, Hartmann, & Jennings 1995; Webber et al.
1995), although in the ase of quasars and ative galati nulei the situation
is still somewhat ontroversial (f. Burenin et al. 1998; Fruhter et al. 1999b;
Hurley et al. 1999a; Luginbuhl et al. 1995, 1996; Shartel, Andernah, &
Greiner 1997; Vrba et al. 1994, 1999a). Similar surveys in the radio (f.
Palmer et al. 1995; Shaefer et al. 1989), the X-ray band (f. Boër et al.
1993, 1997; Greiner et al. 1991; Hurley et al. 1999b; Pizzihini et al. 1986),
and the near-infrared (Blaes et al. 1997; Klose, Eislöel, & Rihter 1996;
Klose et al. 1998; Larson & MLean 1997; Larson, MLean, & Beklin 1996)
also failed to identify the burster population. The deepest optial survey
(Vrba, Hartmann, & Jennings 1995) and the near-infrared surveys revealed,
however, that there is no lak of potential GRB host galaxies in IPN error
boxes. The missing item was the diret observational proof of an extragalati
origin of the bursts. This seond observational breakthrough was initiated
by the Italian-Duth gamma-ray/X-ray satellite BeppoSAX launhed in 1996
(Boella et al. 1997; Costa et al. 1998; Frontera 1998), and later it inluded
suessful GRB loalizations with RXTE (see Bradt & Smith 1999; Smith et
al. 1999). It haraterizes the period from 1997 to 1999. The observational
situation before that time is summarized by e.g. Greiner (1995), Lamb (1997),
MNamara, Harrison, & Williams (1995), Mészáros (1997), and Vrba (1996).
2.2 The period 1997 - 1999
Contrary to BATSE, BeppoSAX an provide an armin-sized GRB error box
within hours after the GRB trigger, though only about ten times a year be-
ause of its small eld of view. The rst burst deteted by BeppoSAX in
1997 was GRB 970111 with an error box of 10 armin radius provided to
observatories via eletroni mail only hours after the ourrene of the burst
(Costa et al. 1997a). Although no GRB afterglow was deteted either in the
optial (f. Galama et al. 1997b) or in the radio band (Frail et al. 1997a),
this burst made it immediately lear that an observational breakthrough was
near. It ame with GRB 970228 (Costa et al. 1997b,) when for the rst
time the optial afterglow of a burst was disovered (Groot et al. 1997; van
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Paradijs et al. 1997), meaning that the burst was loalized with high angular
preision. Sine then muh has been learned about GRBs based on multi-
wavelengths observations of afterglows. The establishment of a sophistiated
eletroni network for GRB messages, the GRB oordinated network GCN
(Barthelmy et al. 1998, see appendix), was another milestone on this route.
Various aspets of these exiting, new disoveries have been summarized by
numerous authors from the theoretial as well as from the observational point
of view (e.g., Blinnikov 1999; Castro-Tirado 1999; Frontera 1998; Ghisellini
1999; Greiner 1998; Hartmann 1999; Hurley 1998b; Lamb 1999; MNamara &
Harrison 1998; Mészáros 1999a,; Mészáros, Rees, & Wijers 1999; Pazy«ski
1999; Piran 1999a,b; Rees 1998, 1999; Stern 1999; Vietri 1999).
3 Reent observations of GRB afterglows
The ourrene of broad-band afterglows following GRBs was expeted on
theoretial grounds (f. Rees 1998, and referenes therein). Compared to
the duration of the bursts, afterglows in the long-wavelengths bands an be
long-lived, making the preise loalization of the bursters possible and extend-
ing GRB researh into international multi-wavelength observing ampaigns.
Greiner's WWW-page at the Astrophysial Institute Potsdam (see appendix)
provides informations about ongoing observational ativities in GRB follow-
up studies.
Aording to the urrently most aepted theoretial GRB model, the
afterglows are due to external shoks when a relativistially expanding re-
ball (a γ-ray reball, see Cavallo & Rees 1978) released by a ompat soure
sweeps up matter from the interstellar medium surrounding the burster (for
an introdution into this subjet and/or a review, see Mészáros 1997, 1999a;
Piran 1997, 1999a,b; Rees 1999). This medium ould be, for example, the or-
dinary interstellar medium in a spiral galaxy, or the stellar wind environment
from the GRB progenitor (f. Chevalier & Li 1999; Halpern et al. 1999).
The afterglow emission proess is most likely synhrotron radiation (see, e.g.,
Sari, Piran, & Narayan 1998; Wijers, Rees, & Mészáros 1997, and referenes
therein).
At the date of submission of this review, long-lasting optial afterglows
have been observed from about a dozen GRBs, and about ten radio afterglows
were disovered (see Greiner's WWW-page [appendix℄; see also Table 2 in
Wheeler 1999). Evidene for a short-lived afterglow in the gamma-ray band
has been reported too (Giblin et al. 1999). About half of all GRB afterglows
seen in the X-ray band showed no detetable optial emission, whereas almost
all GRBs deteted by BeppoSAX exhibited an X-ray afterglow (Costa 1999).
To date, there are eleven reported spetrosopi redshift measurements of
GRB afterglows and/or host galaxies (mid Deember 1999; Table 1), onrm-
ing the osmologial distane sale of GRBs, whih was onsidered soon after
their disovery (e.g., Usov & Chibisov 1975; van den Bergh 1983; Pazy«ski
1987). The data seem to indiate that the redshift distribution of the bursters
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Table 1: Gamma-ray bursts with reported spetrosopi redshifts
GRB z a Ref. F bγ band
c
Ref. E dγ
970228 0.695 1 2 35...1000 11 2.4 × 1051
970508 0.835 2 3 20...1000 12 5.3 × 1051
970828 0.96 3
971214 3.418 4 11 ± 1 > 20 14 3.5 × 1053
980425 0.0085 5 4 ± 1 > 20 15 7.4 × 1047
980613 1.096 6 2 > 20 16 6.1 × 1051
980703 0.966 7 30 ± 10 40...700 17 7.1 × 1052
990123 1.600 8 509 ± 2 > 20 18 3.4 × 1054
990510 1.619 9 26 ± 1 > 20 19 1.8 × 1053
990712 0.430 10
991208 0.707 20
a
redshift;
b
observed gamma-ray uene [10−6 erg m−2℄ based on measured
photon ux;
c
orresponding energy band [keV℄;
d
released gamma-ray
energy [erg℄, isotropi emission assumed and alulated for a standard
Friedmann osmology with H0 = 65 km s
−1
Mp
−1
, Ω0 = 0.2
Referenes: 1: Djorgovski et al. 1999, GCN 289; 2: Bloom et al. 1998,
ApJ 507, L25; 3: Frail 1999, 5th Huntsville meeting on GRBs; 4: Kulkarni et al.
1998, Nature 393, 35; 5: Tinney et al. 1998, IAU Cir. 6896; 6: Djorgovski et al.
1999, GCN 189; 7: Djorgovski et al. 1998, ApJ 508, L17; 8: Keson et al. 1999,
IAU Cir. 7096; Hjorth et al. 1999, GCN 219; 9: Vreeswijk et al. 1999, GCN 324;
10: Galama et al. 1999, GCN 388; 11: Palmer et al. 1997, IAU Cir. 6577; 12:
Kouveliotou et al. 1997, IAU Cir. 6660; 14: Kippen et al. 1997, IAU Cir. 6789;
15: Kippen et al. 1997, GCN 67; 16: Woods et al. 1998, GCN 112; 17: Amati et
al. 1998, GCN 146; 18: Kippen et al. 1999, GCN 224; 19: Kippen et al. 1999,
GCN 322; 20: Dodonov et al. 1999, GCN 475.
peaks around 1, with a long tail towards higher redshifts (for model ts see,
e.g., Shmidt 1999). There is also one burst that ame from the loal universe
(z=0.0085; GRB 980425). The question if all GRBs are of extragalati na-
ture is not yet ompletely solved, however (f. Cline, Matthey, & Otwinowski
1999; Tavani 1998).
Usually the optial transient following a GRB has an R-band magnitude
of about 18...22 when it is deteted some hours after the burst, provided that
no strong extintion ours in the GRB host galaxy or in our Galaxy. This
an make the optial transient detetable to 1-m lass telesopes. For exam-
ple, the optial afterglow of GRB 970508 was disovered with the Kitt Peak
0.9-m reetor (Bond 1997), the afterglow of GRB 980329 with the Taut-
enburg 1.34-m (Klose, Meusinger, & Lehmann 1998; Reihart et al. 1999),
and the afterglow of GRB 990308 with the Venezuelan 1-m Shmidt telesope
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(Shaefer et al. 1999). The burst 980329 is the only GRB afterglow deteted
in the submm-band (Smith et al. 1999). Presumably, there was something
speial about this burst, whih is also indiated by the olor of its afterglow
(for a disussion see, e.g., Draine 1999; Fruhter 1999; in 't Zand et al. 1998;
Palazzi et al. 1998). Detailed olor measurements of afterglows are published
for, e.g., GRB 980703 (Vreeswijk et al. 1999) and 990510 (Israel et al. 1999).
The time-dependent ux density of an afterglow follows a power-law deay,
Fν(t) ∼ t
−β
, in aordane with reball models (f. Sari, Piran, & Narayan
1998; Wijers, Rees, & Mészáros 1997). For example, a deay onstant in the
optial of β = 1.2 leads to a dimming of the optial transient by 3 photometri
magnitudes between day 1 and day 10 after the ourrene of the burst.
Rapid follow-up observations are therefore ruial for the detetion of GRB
afterglows. Exeptions to this rule do our, however. The afterglow ux of
GRB 970508 showed a fall and rise during the rst 2 days, before it entered
a power-law deline (f. Castro-Tirado et al. 1997; Fruhter et al. 1999b;
Pedersen et al. 1998; for a possible theoretial explanation, see Panaitesu,
Mészáros, & Rees 1998; Pugliese, Falke, & Biermann 1999).
In its early phase a GRB afterglow an outshine its host galaxy, whih
beomes visible weeks or months after the burst when the light urve of the
afterglow seems to atten. This was rst seen for GRB 970508 (Zharikov
& Sokolov 1999). This was also the rst burst where a radio ounterpart of
the afterglow was deteted with the Very Large Array (VLA) whih suggested
extreme relativisti expansion veloities of the radio soure (Frail et al. 1997b;
Waxman, Kulkarni, & Frail 1998) based on the radio sintillation tehnique
(Goodman 1997). Meanwhile, it has been proven that observations in the
radio band an loalize GRB afterglows in BeppoSAX error boxes when optial
identiations are still missing (Taylor et al. 1998a,b, in ase of GRB 980329;
Frail et al. 1999a, in ase of GRB 991208) and even when they do not exist
at all (Frail 1999, in ase of GRB 970828; Frail et al. 1999b, in ase of GRB
981226).
4 Afterglows and GRB energetis
Perhaps the most impressive property of the bursts is the huge amount of ele-
tromagneti energy released (Table 1). This is espeially apparent in the ase
of GRB 990123, where an optial ash was deteted for the rst time when
the burst was still in progress in the gamma-ray band (Akerlof et al. 1999).
This phenomenon was predited from theory (Mészáros 1999a, and referenes
therein; Sari & Piran 1999, and referenes therein; for a phenomenologial
approah, see Ford & Band 1996). The optial ash peaked about 45 se
after the onset of the burst at a mean V -band magnitude of about 9 on a
frame with a 5 se exposure (Akerlof et al. 1999). The (minimum) redshift of
the burster was found to be 1.60 (Andersen et al. 1999; Kulkarni et al. 1999),
so that the optial ash translates into an ultraviolet rest-frame luminosity
of about 3 × 1016 L⊙ (Kulkarni et al. 1999). If the burster had been at
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a distane orresponding to that of M81, its V -band magnitude would have
reahed 9 (a osmologial K-orretion negleted). If it had been loated at
the Galati enter, but assuming no extintion, it would have peaked at a
V -band magnitude of 22, omparable to the apparent magnitude of the Sun.
Assuming isotropi emission, the gamma-ray energy emitted by this burst
amounts to 3.4 × 1054 erg (Table 1), about twie the rest mass energy of the
Sun and an order of magnitude higher than the previous reord holder, GRB
971214 (Kulkarni et al. 1998a). The term 'hypernova' (Pazy«ski 1998a,b)
has beome a popular word to desribe suh energeti events.
Two basi ideas are being disussed on how to redue the required en-
ergy budget; gravitational lensing and non-isotropi emission. This disus-
sion peaked when GRB 990123 was deteted and its redshift measured (see
the arhive of the GCN irulars; appendix). Diret observational support
for lensing has never been found in GRB data (f. Marani et al. 1999) but
evidene for beaming seems to be present. Beaming redues the energy re-
quirement by a fator of order 10100, depending on the assumed or alulated
solid angle of emission, but it inreases by the same fator the required GRB
event rate.
It was reently predited that beaming of the relativisti outow should
lead to a break in the afterglow light urve (Mészáros & Rees 1999b; Panaites-
u, Mészáros, & Rees 1998; Piran 1999b; Rhoads 1997, 1999; Sari, Piran,
& Halpern 1999) and to a non-zero and time-dependent polarization in the
optial/near-infrared (Ghisellini & Lazzati 1999; Gruzinov 1999; Sari 1999).
This is expeted to our when the dereasing bulk Lorentz-fator of the
radiating shok front whih runs into the ambient interstellar medium of the
burster allows the observer to see the edge of the jet (Piran [1999b℄ notes
that 'jet' is not the appropriate desription of the phenomenon, sine this is
a transient ollimated outow). The smaller the opening angle of the jet, the
earlier the observer should see a break, a steepening in the afterglow light
urve. Within this theoretial ontext it would be interesting to learn if a
time-delayed signal from the ounterjet is expeted to be seen too.
Observational evidene for beaming was rst found in the optial afterglow
of GRB 990123, where the light urve steepened two days after the burst
(Castro-Tirado et al. 1999; Kulkarni et al. 1999). The measured steepening
is in agreement with the piture that at this time the observer began to see
the edge of a jet. Reently, a steepening in the light urve has also been
observed for another burst, GRB 990510 (Beuermann et al. 1999; Harrison
et al. 1999; Stanek et al. 1999). In both ases a beaming fator in the
order of 200...300 has been dedued from the observations (Harrison et al.
1999; Mészáros 1999b; Sari, Piran, & Halpern 1999). This seems to bring
very energeti bursts to the energy output of less energeti ones (Table 1),
for whih no observational evidene for strong beaming has been found, like
GRB 970228 and 970508 (Sari, Piran, & Halpern 1999). More afterglow
observations are required, however, to hek this hypothesis.
An exiting onsequene of beaming is that there ould exist GRBs whih
develop an X-ray, optial, or radio afterglow, but have no deteted gamma-ray
8
burst (for a disussion see, e.g., Mészáros, Rees, & Wijers 1998, 1999; Perna &
Loeb 1998b; Rhoads 1997). Arhived X-ray data have been searhed for suh
events, but no strong evidene for them was found (Greiner et al. 1999a,b;
Grindlay 1999). However, possible evidene for a relation of optial transients
deteted on photographi plates to underlying blue galaxies was reported by
Hude et al. (1996). Results of wide-eld CCD surveys to searh for this
phenomenon have not yet been published.
There are numerous possible auses for a break in the light urve of an
afterglow (for a disussion see, e.g., Kulkarni et al. 1999; Wei & Lu 1999).
An independent observational test for beaming is therefore desirable. It ould
be provided by polarimetri observations. Aording to reent theoretial
studies, optial afterglows ould be linearly polarized up to the 10% level if the
radiation omes from a ollimated outow moving with relativisti veloity
toward the observer and the observer is not direted exatly at the enter
of the jet (Ghisellini & Lazzati 1999; Gruzinov 1999; Sari 1999; see also
Hughes, Aller, & Aller 1985). However, mirolensing is also onsidered as
a possible option for produing time-dependent linearly polarized afterglows
(Loeb & Perna 1998a). If the degree of linear polarization of an afterglow
an be as high as predited, even if no beaming ours (Gruzinov & Waxman
1999), this ould allow observers to detet an afterglow in a GRB error box
at high Galati latitude without the need of seond-epoh data. This holds
partiularly in the near-infrared bands (Klose, Steklum, & Fisher 1999).
Linear polarization was rst deteted at the 2% level in the afterglow of
GRB 990510 about 1...2 days after the burst based on observations with the
ESO Very Large Telesope (Covino et al. 1999; Wijers et al. 1999). Unfor-
tunately, only three data points ould be obtained, and within the measure-
ment errors no time-dependeny of the degree of linear polarization was found.
However, suh a time-dependene appears to be present in the afterglow of
GRB 990712 (Rol et al. 1999).
5 What is the nature of the bursters?
Among the most exiting disoveries about the nature of the GRBs is the
bimodality of their duration distribution (Kouveliotou et al. 1993; Mazets et
al. 1981; MBreen et al. 1994). Reently, evidene for an intermediate lass
of bursts was also reported (Horváth 1998; Mukherjee et al. 1998). Short
burst durations range between 0.01 to 2 seonds, long bursts last from about
2 to a few hundred seonds. Sine BeppoSAX is only sensitive to long bursts,
it is urrently unknown whether short bursts do also produe detetable GRB
afterglows. It is also unknown what the origin of this bimodality is although
various studies have been performed to gain insights into this issue (f. Balázs,
Mészáros, & Horváth 1998; Balázs et al. 1999; Dezalay et al. 1996; Katz &
Canel 1996; Mao, Narayan, & Piran 1994; Mészáros, Bagoly, & Vavrek 1999;
Mitrofanov 1998).
One working hypothesis is that the bimodal duration distribution reets
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dierent GRB engines. Aording to the most aepted piture of the bursters
today, GRBs an be made either by merger events that inlude ompat stars
and/or stellar-mass blak holes, or by the gravitational ollapse of single stars
(f. Fryer & Woosley 1998; Fryer, Woosley, & Hartmann 1999; Fryer et al.
1999; in 't Zand 1998; Ruert & Janka 1998, 1999; Woosley, MaFadyen, &
Heger 1999; for a disussion see also, e.g., Mészáros 1999a; Rees 1999). In
all ases it is believed that the reli of the explosion is a stellar-mass blak
hole. In other words, within this piture every deteted GRB (exluding SGR
bursts) represents either a blak hole formation event in the universe, or at
least a signal from a pre-existing stellar-mass blak hole.
Although the entral engine of a GRB is hidden from observation, both
lasses of burst models make ertain preditions that an be tested by obser-
vations, mainly based on the ages of the objets involved (f. Bloom, Sigurds-
son, & Pols 1999; Fryer, Woosley, & Hartmann 1999). As noted by Pazy«ski
(1998b), massive stars will be lose to their birthplaes when they explode
and hene they ould be embedded in a dust-rih environment. Several piees
of evidene seem to favor this GRB model: First, within the ontext of the
reball models, multi-wavelength observations of afterglows an be used to de-
termine the gas density of the interstellar medium surrounding the burster
(f. Vreeswijk et al. 1999; Wijers & Galama 1999). Model ts led to the
onlusion that the density of the external medium into whih the reball of
GRB 980329 expands (see setion 3) is ≈1000 m
−3
(Lamb et al. 1999). In
other words, this burst presumably ourred in an interstellar gas loud in
a remote galaxy. (In ontrary ases, e.g. GRB 970508, an ambient gas den-
sity of about 1 m
−3
or less was dedued from the afterglow data [Waxman
1997; Wijers & Galama 1999℄.) Seond, only about 50% of all GRBs whose
X-ray afterglows were deteted have been disovered in optial bands. This
ould be due to extintion by dust in the GRB host galaxies. An example
of an optially obsured burst is GRB 970828. The burst developed a bright
X-ray afterglow deteted by RXTE (Marshall et al. 1997; Remillard et al.
1997), ASCA (Murakami et al. 1997), and ROSAT (Greiner et al. 1997b),
but it was not seen in the optial down to an R-band magnitude of 24 (Groot
et al. 1998), although follow-up observations started only hours after the
burst.
2
Third, the GRB hosts deteted so far are atively star-forming galax-
ies (Fruhter et al. 1999a). Their star-formation rates range between about
1 to 10 M⊙ yr
−1
(f. Bloom et al. 1998b,1999b; Djorgovski et al. 1998;
Kulkarni et al. 1998a; Odewahn et al. 1998), although this is not unusual for
galaxies at these redshifts. There is presently no evidene for GRBs ourring
in elliptial galaxies.
A number of future tests of the GRB environment have been proposed in
2
The only near-infrared follow-up observations of this event were reported by Klose,
Eislöel, & Steklum (1997), but they were performed 13 days after the burst. A red objet
was deteted by these authors in the 30
′′
ASCA X-ray error irle (Murakami et al. 1997)
whih was later found to be also loated in the 10
′′
ROSAT HRI error irle (Greiner et
al. 1997b). However, seond epoh observations ve months later showed this objet again
(Klose 1998, unpublished). So, it is not the GRB afterglow, despite it having an underlying
faint galaxy (Pedersen 1997, private ommuniation).
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the literature. For example, the gaseous omponent of the GRB environment
ould manifest itself by ertain spetral features in the X-ray afterglow (f.
Bötther et al. 1999; Lazzati, Campana, & Ghisellini 1999; Mészáros & Rees
1999a; Piro et al. 1999b) or in the optial afterglow (f. Perna & Loeb
1998a), whereas a test of the dusty omponent ould make use of the sattering
properties of the dust grains in the soft X-ray band (Klose 1998).
6 Evidene for a GRB - Supernova assoiation
The idea of a GRB-Supernova (SN) assoiation was rst onsidered by Colgate
(1968, 1974; see also the review by Chupp 1976) but it was not supported by
observations at that time. About 30 years later it turned out that a GRB-SN
link does indeed exist.
GRB 980425 was deteted by BeppoSAX and an anomalous SN (1998bw)
was found in the 8 armin error irle of the X-ray afterglow (Galama et al.
1998; Kulkarni et al. 1998b). The SN spetrum indiated ejetion speeds
approahing 60 000 km s
−1
(Kulkarni et al. 1998b). SN 1998bw is lassied
as a peuliar Type I supernova. Its host galaxy is at a redshift of 0.0085
(Tinney et al. 1998), orresponding to a distane of 38 Mp (H0 = 65 km s
−1
Mp
−1
). The gravitational ollapse of a massive stellar iron ore that formed
a blak hole an explain the observations (Iwamoto et al. 1998; Woosley,
Eastman, & Shmidt 1999; Woosley, MaFadyen, & Heger 1999). The radio-
to-X-ray light urves of this event is not in onit with the reball model
(Iwamoto 1999; for the optial light urve see MKenzie & Shaefer 1999).
Sine GRB 980425 was so lose to our Galaxy, but not exeptionally bright,
one has to onlude that BATSE does only see the 'tip of the ieberg' of all
GRBs ourring in the universe.
Although up to Deember 1999 no other diret GRB-SN assoiation has
been found, there is in fat inreasing observational evidene that at least a
sublass of all bursts is assoiated with SNe. The strongest evidene omes
from the reent disovery that the light urves of GRB 970228, 980326, and
possibly 990712, show a bump at late times whih annot be explained within
the ontext of simple afterglow models, but an be tted as a redshifted SN
1998bw light urve whih adds to the ux of the GRB afterglow (Bloom et al.
1999a; Dar 1999; Galama et al. 1999; Hjorth et al. 1999; Reihart 1999). If
that interpretation is orret, then GRB 970228, the rst burst with a deteted
optial afterglow, represents one of the most distant SNe ever seen (z=0.695;
Djorgovski et al. 1999). Moreover, if it turns out that SN light urves do
appear in GRB afterglows, this ould represent a new powerful method to
measure the osmologial parameters. A hek of this potential appliation
might be an interesting long-term projet for 8-m lass optial telesopes.
It has reently been proposed that SN 1997y (Germany et al. 1999)
and SN 1999E (Kulkarni & Frail 1999; Thorsett & Hogg 1999), whih seem
to resemble SN 1998bw, ould be related to the BATSE bursts 970514 and
980910a, respetively, whih were not seen by BeppoSAX (for a disussion, see
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Wheeler 1999). It has also been suggested that there is observational evidene
for a relativisti jet from SN 1987A (Cen 1999). Finally, the detetion of
a redshifted iron Kα emission line in the X-ray afterglows of GRB 970508
(Piro et al. 1999a,b) and possibly GRB 970828 (Yoshida et al. 1999) has
been reported, whih ould indiate an SN event before the orresponding
GRB (Lazzati, Campana, & Ghisellini 1999; Vietri & Stella 1998). Naturally,
beause of these ndings the question arises if all GRBs are physially related
to SNe. Several authors have therefore ompared the BATSE GRB atalog
(Meegan et al. 1998) with SN atalogs (Bloom et al. 1998a; Hude, Hudova,
& Hroh 1999; Kippen et al. 1998b; Klose 1999; Norris, Bonnell, & Watanabe
1999; Wang & Wheeler 1998). However, no onvining statistial evidene for
an exess of any sublass of SNe in GRB error boxes has been found in that
way. The reason for this is that BATSE-only error boxes are very large in
radius and that the SN database is very inhomogeneous. Therefore, these
studies annot exlude the existene of a general assoiation of GRBs to SNe.
In any ase, GRB researh gives a strong impulse to SN researh (Wheeler
1999; Woosley, MaFadyen, & Heger 1999). If GRBs do indeed reet ertain
SN explosions, BATSE detets more SNe per year than all urrent SN searh
ampaigns ombined.
Based on these ndings, is it possible that we have already seen a few
SN-GRBs in our Galati neighborhood but not reognized them as suh? A
searh for potential GRB afterglows in the CBAT SN atalog has not been
suessful (Klose 1999), although suh a study is onfronted with the lak of
detailed observational data about most known SNe. Another way to takle
the question under onsideration is to look for bright, nearby galaxies in
armin-sized IPN error boxes. A working hypothesis an be that a SN-GRB
assoiation was not reognized in these ases beause these GRB error boxes
ould not be determined in a timely manner, i.e., any SN light urve was
already below the detetion threshold when these error boxes were imaged in
the optial. A visual inspetion of published optial images of IPN error boxes
of the 1970's (f. Shaefer et al. 1998; Vrba, Hartmann, & Jennings 1995)
reveals one potential andidate for suh a ase, GRB 781104b.
3
The only
14 armin
2
large error box of this burst ontains a relatively bright galaxy
(B=15, Simbad data base). This galaxy, MCG 04-47-011, is at a redshift of
z = 0.0024 (Simbad data base), orresponding to a distane of about 11 Mp
(H0 = 65 km s
−1
Mp
−1
). The latter estimate is unertain however, beause
the redshift is so small. Similar to the duration of GRB 980425 (Galama et al.
1998a; Pian et al. 1999), the duration of GRB 781104b was about 30 seonds
(Mazets et al. 1981; Teegarden & Cline 1980). Although no SN is known in
MCG 04-47-011, another way to hek whether GRB 781104b was a nearby
SN burst ould be to searh in the radio band for its potential GRB remnant.
A number of authors has reently addressed the question of how the relis
of GRB explosions might look and where they are in our loal universe (e.g.,
Hansen 1999). At a GRB rate in the order of 1 per 10
6±1
yr per Milky-Way
3
Shaefer (1999) made a similar suggestion at the 5th Huntsville Symposium on GRBs,
Huntsville, AL, Otober 1999.
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like galaxy, GRB remnants in the loal universe ould possibly be detetable.
Woods & Loeb (1999) proposed to searh for radio emission from GRB rem-
nants in the Virgo luster of galaxies (z=0.0038; Simbad data base). This
would require surveying on the order of 1000 galaxies down to a ux level be-
low 100 µJy. Efremov, Elmegreen, & Hodge (1998) as well as Loeb & Perna
(1998b) brought attention to HI supershells (f. Lee & Irwin 1997; Walter
et al. 1998), whose energy ontent is omparable to the eletromagneti en-
ergy release of GRBs. Potential X-ray seleted GRB remnant andidates in
M101 have also been proposed (Wang 1999). First alulations of the emis-
sion spetrum of GRB remnants have been published and phenomenologial
dierenes to supernova remnants (SNRs) have been outlined (Perna, Ray-
mond, & Loeb 1999). Sine there are some similarities to SNRs, however, in
the optial the searh strategy for GRB remnant andidates ould follow those
for HII-regions/SNRs (f. Elmegreen & Salzer 1999; Gordon et al. 1993; Ma-
tonik & Fesen 1997). The lose-by, fae-on spirals M33 and NGC300 ould
be potential targets for suh an investigation.
7 The future of GRB researh
BeppoSAX urrently detets about 10 X-ray afterglows of GRBs per year.
The HETE-2 satellite (Vanderspek et al. 1999), sheduled to be launhed
early 2000, will inrease this rate by a fator of 3 to 5, and the Swift GRB
mission (Gehrels 1999), sheduled to y in 2003...2005, will provide about
100 or more very small GRB error boxes per year. This, ombined with the
next generation high-energy satellites (XMM, AXAF-Chandra, ASTRO-E,
Integral), will guarantee a large inrease in our knowledge about GRBs in the
oming deade (see also Hurley 1999b).
For optial telesopes there are three observing strategies: 1) Imaging
of GRB error boxes when the burster is still ative in the gamma-ray band.
GRB 990123 has already demonstrated that this is feasible with urrent CCD
ameras. Great progress will be ahieved when automati 1-m lass telesopes
will beome available, like the Flagsta 1.3-m (Vrba et al. 1999b) and the
Super-Lotis 0.6-m (Park et al. 1999). Prism spetrosopy is another future
option. 2) Investigation of GRB afterglows. In most ases this will require
'Target of Opportunity' observations sheduled within hours or days after a
burst. 3) Study of GRB host galaxies. This an be performed even months
after a burst. It requires the largest telesopes.
Some open questions for the oming deade are obvious: Are all GRBs
related to SNe? What is the physial dierene between the short and the
long bursts? How many distint populations of bursters are there? Do GRBs
our in elliptial galaxies? Do short bursts develop afterglows? Does any
sublass of GRBs represent a osmologial standard andle? Can we measure
GRB redshifts based on observations in the gamma-ray band alone? What are
the most distant GRBs? Where are the GRB remnants in the loal universe,
in our Galaxy, and in M31? Finally, do GRBs aet the evolution of life?
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GRBs are the most energeti eletromagneti phenomena in the universe.
Although for an individual GRB this holds only for a very small timespan, it
an make GRBs a giant observational tool to investigate the high-z universe
(f. Lamb & Reihart 1999). This inludes the osmologial parameters (f.
Holz, Miller, & Quashnok 1999; Horak et al. 1996; Marani et al. 1999), the
osmi radiation bakground (Mannheim, Hartmann, & Funk 1996), stellar
evolution, the osmi star formation rate (Hartmann & Band 1998; Jorgensen
et al. 1995; Krumholz, Thorsett, & Harrison 1998; Mao & Mo 1998; Totani
1999; Wijers et al. 1998;), large-sale struture (Hartmann & Blumenthal
1989; Lamb & Quashnok 1993), et. GRBs ould also prove to be a useful
tool to investigate the interstellar medium in our Galaxy (and in intergalati
spae) through whih they are observed. Thus, there are good reasons to
believe that the future of GRB researh is bright, in all bands of the eletro-
magneti spetrum.
Appendix: seleted WWW-pages about GRBs
• GRB oordinated network GCN: http://gn.gsf.nasa.gov/gn/
• GRB missions: Holger Pedersen's WWW-page at
http://www.astro.ku.dk/
∼
holger/ddirGAMMA/dF/OFSAT.html
• SGRs: Robert Dunan's WWW-page at the University of Texas Austin,
http://solomon.as.utexas.edu/
∼
dunan/
• IPN: Kevin Hurley's WWW-page at Berkeley,
http://ssl.berkeley.edu/ipn3/interpla.html
• GRB bibliography: Kevin Hurley's WWW-page at Berkeley,
http://ssl.berkeley.edu/ipn3/bibliogr.html
• reports about GRB follow-up observations: Johen Greiner's WWW-
page at the AIP, http://www.aip.de/
∼
jg/grbgen.html
• BATSE: http://gammaray.msf.nasa.gov/batse/
• BeppoSAX: http://www.sd.asi.it/
• HETE-2 satellite: http://spae.mit.edu/HETE/
• Swift mission: http://swift.gsf.nasa.gov/
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